A s the size of conventional semiconductor components is reduced to nanometer scales, the exponential Moore's-Law improvement in the performance is determined by ever fewer numbers of dopants. The ultimate goal is to develop devices based on manipulating the charge and spin of individual dopant atoms. 1À3 Elucidating the electronic structure of these minute systems is a difficult technical challenge.
A s the size of conventional semiconductor components is reduced to nanometer scales, the exponential Moore's-Law improvement in the performance is determined by ever fewer numbers of dopants. The ultimate goal is to develop devices based on manipulating the charge and spin of individual dopant atoms. 1À3 Elucidating the electronic structure of these minute systems is a difficult technical challenge.
In a recent study, Kuljanishvili and co-workers performed single-electron capacitance measurements of subsurface silicon donors in gallium-arsenide using subsurface charge accumulation (SCA) imaging. 4, 5 The method essentially probed the quantum states of clusters of donors by measuring the electron addition energies, the energy at which the system will accommodate an additional charge. This study did not have sufficient spatial resolution to resolve the charging of individual subsurface dopants. In another recent study, Caro and co-workers applied resonant tunneling spectroscopy to study the quantum states of boron acceptors in silicon. 6 A clear conductance resonance was observed and shown to be consistent with tunneling through the B + state, for which two holes are bound to the boron atom. With regard to the energy of the resonance, Caro et al. suggested that the proximity of neighboring boron atoms on average resulted in a significant shift in the energy of the B + state. In this paper, we extend the SCA method to study the addition energy of individual dopants inside a host silicon semiconductor. Using this approach we have observed the behavior of the B + state at the single-acceptor level by both spatially resolving subsurface boron acceptors and detecting spectroscopically single holes entering and leaving these minute systems. This allows us to examine the energy of the B + state with respect to the nearest-neighbor distances on an atom-by-atom basis. Figure 1a shows a schematic of the SCA method and the layout of our experiment. The key component is a sharp metallic tip connected directly to a charge sensor that achieves a sensitivity of 0.01 e/ √ Hz 7. We monitor the tip's AC charge q tip in response to an AC excitation voltage V exc applied to an underlying electrode. If the quantum system below the tip can accommodate additional charge, the excitation voltage causes it to resonate between the system and the underlying electrode, giving rise to an enhanced capacitance, C q tip /V exc 8. To acquire an image, we record the change in C while scanning the tip laterally over a plane with the tip's apex a distance of ∼1 nm above the silicon surface and with a fixed DC bias voltage V tip . For capacitance spectroscopy, the tip's position is fixed (i.e., not scanned); we then sweep V tip to acquire a CÀV curve. For the measurements shown here, we used a chemically etched PtIr tip prepared to have a nanometer-scale radius of curvature of the apex; the data are consistent with a tip radius of less than 25 nm. All data ABSTRACT: Motivated by recent transport experiments and proposed atomic-scale semiconductor devices, we present measurements that extend the reach of scanned-probe methods to discern the properties of individual dopants tens of nanometers below the surface of a silicon sample. Using a capacitance-based approach, we have both spatially resolved individual subsurface boron acceptors and detected spectroscopically single holes entering and leaving these minute systems of atoms. A resonance identified as the B + state is shown to shift in energy from acceptor to acceptor. We examine this behavior with respect to nearestneighbor distances. By directly measuring the quantum levels and testing the effect of dopantÀdopant interactions, this method represents a valuable tool for the development of future atomicscale semiconductor devices.
KEYWORDS: Subsurface dopants, dopant molecules, single-electron tunneling, capacitance, scanning probe microscopy were acquired at a temperature of T = 4.2 K using the same tip, unless otherwise noted. Tip voltages are reported with respect to the nulling voltage to account for the tipÀsample contact potential. 4 The silicon sample we employed contained a narrow layer of dopants, that is, a "δ-layer", 15 nm below the exposed surface. The sample was grown by chemical vapor deposition on a Si(001) substrate, which is similar to the wafer used by Caro et al. The layers consist of (starting from the bottom) p +2 Si (500 nm)/p Si (20 nm)/δ/p Si (15 nm). Boron is the dopant for the layers and the δ spike. The p +2 layer is degenerately doped (N B = 10 19 cm
À3
) and serves as the underlying metallic electrode. The lower p layer (N B ∼ 10 17 cm À3 ) serves as the tunneling barrier, whereas the upper p layer is simply a spacer. The δ spike has areal density of F = 1.7 Â 10 11 cm À2 . Figure 1b shows the doping profile in the structure measured with secondary ion mass spectroscopy. Each of the layers is clearly discernible, with the δ spike appearing as a peak about 2 nm wide and with a maximum concentration of N B = 5 Â 10 17 cm À3 . Further growth details are given in the Supporting Information. Upward B diffusion during growth from the lower degenerately doped layer is responsible for the boron "tail" seen in Figure 1b for z near 20À30 nm. Charging of these tail dopants is expected to result in a negligible measured signal, as discussed in the Supporting Information. Figure 1c shows the profile of the valence band edge, including the vacuum gap and tip. The tunneling barrier height of ∼10 meV is formed by the valence band contribution to the bandgap narrowing. 9 The curved arrow indicates a charge tunneling on and off an acceptor state. For consistency, we will refer to the charges as holes. In reality, the measurement is not sensitive to the sign of the charge carrier; moreover, conceptually a hole entering an acceptor is equivalent to an electron exiting the state.
A key parameter is the average spacing between nearestneighbor dopants. Statistically, nearest-neighbor distances for objects randomly positioned in two-dimensions follow the Poissonian distributions shown in the Supporting Information, Figure S1 . 10 For areal density F = 1.7 Â 10 11 cm À2 , the mean distance to the first neighbor is expected to be 12.1 nm. This length is comparable to the 15 nm δ-layer depth, which sets the lower limit to the lateral resolution of the SCA method. 11 In other words, the average distance between dopants in our sample is similar to our expected spatial resolution. Hence the goal of resolving the charging of individual subsurface acceptors is within reach. Figure 2a shows a representative capacitance image. We see well-isolated maxima (bright features) that have a similar intensity. We interpret these as corresponding to individual dopants. Some maxima are larger and likely arise from closely spaced dopants. The triangles and the black dot mark 13 local maxima. To avoid maxima created by nanometer-scale noise, the triangle placement is based on a smoothed image. The smoothed image is shown in Supporting Information Figure S2 , which also The blue solid curve is a fit from on a model based on the assumption that each peak corresponds to a single hole entering the system. In this case, the red arrow indicates the primary peak, which we interpret as corresponding to a hole entering a dopant directly below the tip's apex. Smaller peaks are interpreted as holes entering more distant acceptors. includes the surface topography of the Figure 2a area, acquired by using our method in tunneling microscopy mode. 7 The 1.7 Â 10 11 cm À2 boron density implies that we should on average observe 14 dopants in an area of this size. This is consistent with the 13 maxima, allowing for the possibility that the especially bright feature in the lower-left portion of Figure 2a arises from two or more closely spaced dopants. Several similar capacitance images were acquired at different locations and we consistently find that the number of bright features approximately agrees with the expected number of boron acceptors using reasonable estimates for the unresolved dopants. Moreover, comparisons to topographical images of the surface show no correlation between the surface topography and the capacitance features. Supporting Information Figure S3 examines the functional form of a bright capacitance feature.
The top (black) data of Figure 2b shows CÀV data acquired on a bright feature at the indicated location. The CÀV curves on this sample consistently showed the two types of features indicated by the arrows. The green arrow marks a step structure that reproducibly occurred near V tip = À0.25 V with little dependence on the lateral position of the tip. The red arrow indicates a peak structure, which typically was found near V tip = À0.075 V. These peaks shifted on the scale of tens of millivolts and often resembled multiple peaks, depending on the location of the probe. For comparison, Supporting Information Figure S4 shows a CÀV curve acquired at a location fifteen nanometers from the nearest bright spot. As a control, we also probed a second sample, identical to the sample described above except that it does not contain a δ-layer of boron dopants (a different but identically prepared tip was employed). The results are shown by the bottom (gray) data of Figure 2b . We see that the representative CÀV curve is similar but without sharp peaks near V tip = À0.075 V. Moreover, capacitance images do not show the distinct maxima, as shown in the inset. Hence we conclude that the sharp peaks in the CÀV curves and bright maxima observed in capacitance images correspond to subsurface B dopants in the δ-layer.
The step structure likely results from the accumulation of charge in the surface potential well indicated in Figure 1c (green arrow). Although a detailed description of the formation of this layer is complicated by the fringing nature of the tip's electric field, we can estimate the threshold potential using a parallelplate picture. The first charge will enter the surface accumulation layer at a tip potential of V tip step = (ϕ B + Δ)/αe, where e is the elementary charge, Δ is the quantum level spacing between the bottom of the well and the first hole state to appear, and α is the voltage lever-arm that scales the applied voltage to account for the potential drop between the tip and the layer of interest within the sample. We expect approximately α = 0.2 directly below the apex, 12 and ϕ B = 11.7 meV. 6 With regard to Δ, the accumulation layer will initially form a quantum dot below the apex of the tip of radius ∼25 nm, determined mostly by the tip radius. From a simple estimate based on a quantum box of this size, and using a hole effective mass of half of the free electron mass, we find approximately Δ = 10 meV. These values give V tip step = 100 mV. As V tip increase further, the dot will grow in size and more charges will enter. As a result, a conducting surface layer is expected to form giving rise to the characteristic step-like CÀV curve. 4 To analyze the peak structure (red arrow), we consider a quantum state of energy ε of a dopant that is a distance z below the surface and laterally displaced from the tip's apex by r (see Figure 1a) . We again start from the parallel-plate expression for the resonance tip voltage for this state
Here, in contrast to the expression for V tip step we have generalized the lever arm to account approximately for the fringing pattern of electric field between the tip and sample. Essentially, a dopant a few nanometers below the surface and directly below the tip, r = 0, has a larger lever arm than a deeper and laterally displaced dopant. We account for this by allowing the parameter to be a function of z and r. Of course α(z,r) also depends on the distance between the tip and surface, which is ∼1 nm; this variation can be effectively absorbed into z. A detailed analysis of the electrostatics of the tipÀsample system is given in ref 11 . Figure 2c redisplays the CÀV data with a linear background subtraction (gray line in Figure 2b ) and an expanded voltage scale. The solid curve shows a calculated fit based on singleelectron capacitance peaks, which are essentially the convolution of semielliptical peaks with the derivative of the Fermi function. 12 As detailed in Methods in Supporting Information, the fitting procedure superposes 4À6 single-electron peaks and invokes two free parameters for each peak, α(z,r) and V tip peak , which are varied to achieve the best fit. Essentially, the peak height must equal eα(z,r) due to the quantization of charge, 12 allowing us to do a case-by-case estimate of the lever arm. We see that this procedure reproduces the measured curve well. We define the primary peak as the peak with the largest α(z,r), which we interpret as arising from charge entering an acceptor directly below the tip's apex; whereas the other peaks, which we designate as secondary peaks, correspond to the charging of more distant dopants with respect to the tip position.
To extract the values of ε from our data, we apply eq 1 using the measured V tip peak values and the α(z,r) parameters determined for each peak by the above fitting procedure. These measurements were reproducible over time scales of several hours and we estimate the uncertainty of the extracted ε values to be (1 meV, as shown in Supporting Information Figure S5 . For the primary peak shown in Figure 2c , the lever arm was determined to be α(z,0) = 0.156 and the extracted energy from eq 1 was ε = 0.2 meV. By probing different areas on the sample, we have observed 20 peaks of sufficient quality to apply this procedure. Figure 2d shows the resulting histogram of the extracted energies, which have a mean value of 4.3 ( 2.9 meV, where the uncertainty was determined by the standard deviation. The mean value compares well to the average B + energies of 6.7 meV observed for a similar sample by Caro and co-workers. With regard to the width of the distribution, the ∼3 meV standard deviation is about three times greater than was observed by Caro et al. We believe the discrepancy is because the electrostatic environment of the boron dopants is different for the two experiments. For the ref 6 sample configuration, the dopant plane was sandwiched between two thick layers of degenerately doped silicon. For the sample configuration of this work, effectively one of these layers is missing so that the dopant plane is 15 nm away from an exposed silicon surface with an ambient oxide layer. It is likely that electrons and holes trapped in the oxide layer contribute the additional variance to the B+ energies. To be clear, we believe this additional disorder is electrostatic in origin and not a confinement effect of the nearby surface.
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In light of both the CÀV curve and capacitance image data, we conclude that we are observing the B + state of individual boron dopants; the peaks in the CÀV curves correspond to the energies (ε + ) and the imaged high-capacitance bright spots mark the locations of the acceptors.
To examine the effects of interactions of neighboring acceptors, we consider the secondary peaks more carefully. As shown in ref 11, the lever arm for a subsurface dopant displaced from the tip's apex by r is proportional to the Lorentzian [1 + (r/w) 2 ] À1 , where w is approximately equal to the depth of the underlying conducting layer, which is 35 nm for our sample. If we assume that the primary peak arises from a dopant directly below the apex, we can normalize the Lorentzian with respect to corresponding lever arm, α P = α(z,0). Moreover, if we assume that for a given curve the primary and secondary dopants lie in the same horizontal plane, we can neglect the z-dependence. Hence, we can express approximately the r-dependence of the lever arm for the secondary dopants α S (r) as
Returning to Figure 2c , consider the secondary peak marked by the gray arrow. For this peak, the best-fit lever arm is 0.097; thus α S /α P = 0.097/0.156 = 0.622. Applying eq 2, we assert that this dopant was approximately a distance of r = 27 nm from the primary dopant. Supporting Information Figure S6 presents a table that shows the lever-arm parameters and the extracted distances of secondary dopants for all of the Figure 2c peaks (and a similar analysis for data acquired at a nearby location). These distances compare well to the spacings of the bright features in the images; the comparison allows us to estimate the uncertainty for extracting distances in this way.
The resonant tunneling spectroscopy experiment by Caro et al. suggested that the proximity of neighboring acceptors resulted in a shift of the average B + binding energy to 6.7 meV, instead of the expected 2.0 meV. 6 Our method allows us to directly investigate the effect of neighboring dopants; we do this by examining the measured ε + of a particular primary peak versus the distance to its nearest neighbor, R, based on the analysis of secondary peaks.
We have obtained sufficiently high-quality data to extract ε + and R values for six measurements. The results are shown in Figure 3 . We see that for three of the data sets the nearestneighbor distance was less than 12 nm (the expected mean distance) and for two of the data sets R was greater than 12 nm. The plot shows that acceptors with closer nearest neighbors tend to have greater binding energies for the second hole. This trend is consistent with the interpretation of the resonant tunneling spectroscopy experiment. Figures 2d and 3 highlight the innovation of our scanning probe experiment. In contrast to most transport measurements which find the average behavior of many dopants, millions in the case of ref 5, we are able to discern both the average and the atom-by-atom binding energies.
To explore theoretically the effect of neighboring dopants on the B + state, we have calculated the energy to add a third hole to a system of two neutral acceptors separated by a distance R. The calculations were performed using the configuration-interaction method 13, 14 in the context of the effective-mass theory. 15, 16 In this approximation, an acceptor is regarded as a hydrogenic atom with an effective Rydberg energy Ry* and Bohr radius a 0 *. Both of the effective parameters are defined with respect to the first hole of an isolated acceptor: Ry* is equal to the binding energy and a 0 * is equal to the average radius of the wave function. For boron in silicon Ry* = 45.7 meV, and we estimate a 0 * = 1.6 nm, following ref 5. Figure 3 (inset) shows the calculated third-hole binding energy in red. For self-consistency, we retain the notation ε + for the energy of this state; however the hole is clearly interacting with both dopants, as discussed below. For R > 9a 0 *, we show the asymptotic solution of ε + , which equals that of an isolated acceptor with two holes. 17 We see that ε + is predicted to be positive for separations R > 3a 0 , indicating that the third hole is bound. In the range of separations 5a 0 * < R < 16a 0 *, we see that the calculated curve has a small negative slope. Our data are consistent with this trend, and qualitatively consistent with the resonant tunneling measurements. However the data show greater-than-predicted slope compared to our model. Moreover, the calculation shows the opposite trend at small R with a maximum near R = 5a 0 *, which is not apparent in the measured data.
The behavior for large separations, R > 5a 0 *, can be understood as a consequence of basic quantum-mechanics of molecules. Consider R . 10a 0 * in which case each B 0 is effectively isolated; here it is well established that an additional hole experiences a weak attraction to each neutral acceptor due to polarization. Hence either one can bind the third hole and form the B + state. This state is analogous to hydrogen-minus, a proton with two bound electrons. For the isolated B + state the size of the wave function is rather large as the root-mean-square distance of the hole to the acceptor is r + = 5.8a 0 *. 6 If we now allow the two neutral acceptors to be separated by R ∼ 10a 0 *, the third hole has some reasonable probability to be found at either location. Hence, the corresponding wave function resembles a , which equals the solution for an isolated acceptor. 16 molecule with two peaks centered on each atom, each peak with a width ∼r + . As the acceptor distance decreases the gradient of the wave function decreases along the line connecting the two atoms. The effect decreases the energy of the state, which increases the binding energy of the third hole. At sufficiently close separations, this behavior will break down as the system will be poorly described as a two-acceptor molecule, instead behaving more as a single atom. 18 Our calculations show that this crossover should occur for R = 5a 0 *, where ε + exhibits the maximum. In other words, our model predicts that the B + binding energy will first increase and then decrease with R, behavior that is not seen in the experiment.
The level of agreement between our measurements and calculated curve is not surprising in light of the highly simplified nature of the theoretical model, which incorporates only one neighbor and neglects effects arising from the semiconductor host such as the periodic crystalline potential. We expect the effects of the host crystal to become more pronounced for dopants separated by less than a few nanometers, in which case R becomes comparable to several lattice constants. In other words, at such small distances, simple models such as ours can at best generate trends; more atomistic calculations would be required to test for and compare to the monotonic behavior with respect to dopant separation observed in our experiment.
To the best of our knowledge, at present there is no complete theory for the binding energy of the third hole (or electron) as a function of separation for a semiconductor dopant pair. However, recent calculations by the Das Sarma group focusing on one electron bound to closely spaced pairs of P donors in Si predict that the precise separation and orientation of the dopant pair with respect to the crystalline axes are crucial parameters in determining the ground state wave functions. 19, 20 Although the ground state wave functions in silicon for holes bound to donors are clearly very different, detailed calculations for boron acceptors may yield similarly surprising effects.
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